The integrity of the intestinal epithelial barrier depends on intercellular junctions that are highly regulated by numerous extracellular and intracellular factors. E-cadherin is found primarily at the adherens junctions in the intestinal mucosa and mediates strong cell-cell contacts that have a functional role in forming and regulating the epithelial barrier. Polyamines are necessary for E-cadherin expression, but the exact mechanism underlying polyamines remains elusive. The current study was performed to determine whether polyamines induce E-cadherin expression through the transcription factor c-Myc and whether polyamine-regulated E-cadherin plays a role in maintenance of the epithelial barrier integrity. Decreasing cellular polyamines reduced c-Myc and repressed E-cadherin transcription as indicated by a decrease in levels of E-cadherin promoter activity and its mRNA. Forced expression of the c-myc gene by infection with adenoviral vector containing c-Myc cDNA stimulated E-cadherin promoter activity and increased Ecadherin mRNA and protein levels in polyamine-deficient cells. Experiments using different E-cadherin promoter mutants revealed that induction of E-cadherin transcription by c-Myc was mediated through the E-Pal box located at the proximal region of the E-cadherin promoter. Decreased levels of E-cadherin in polyamine-deficient cells marginally increased basal levels of paracellular permeability but, remarkably, potentiated H2O2-induced epithelial barrier dysfunction. E-cadherin silencing by transfection with its specific small interfering RNA also increased vulnerability of the epithelial barrier to H2O2. These results indicate that polyamines enhance E-cadherin transcription by activating c-Myc, thus promoting function of the epithelial barrier.
EPITHELIAL CELLS line the gastrointestinal mucosa and form an important barrier to a wide array of noxious substances in the lumen. The effectiveness and stability of this epithelial barrier depend on specialized structures composing different intercellular junctions, including tight junctions and adherens junctions (14, 20, 45, 48) . Under physiological conditions, these junctional proteins completely surround the subapical region of epithelial cells and maintain the structural integrity and normal functions of the intestinal epithelium (14, 45) . The tight junction is the most apical of these junctional complexes, and it seals epithelial cells together in a way that prevents even small molecules from leaking between cells (34, 47, 48) . Immediately below the tight junctions are the cadherin-rich adherens junctions that mediate strong cell-cell adhesion and tightly interconnect epithelial cells together (6, 17, 18, 35 ). An increasing body of evidence indicates that the prior formation of adherens junctions is essential for the assembly of tight junctions between epithelial cells and that alteration in levels of the cadherin-dependent adherens junctions regulates the stability of tight junction complex and affects intestinal epithelial paracellular permeability (2, 20, 30) .
E-cadherin is found primarily at the adherens junctions and is the major cadherin expressed in epithelial cells, including those of the gastrointestinal tract (1, 49) . As a classic member of the adhesion molecules, E-cadherin contains a single transmembrane domain, a cytoplasmic domain of ϳ150 amino acid residues, and an ectodomain of ϳ550 amino acid residues comprising five tandemly repeated domains (2, 49) . The dimers of E-cadherin bind homotypically to similar dimers on neighboring cells in the intestinal epithelium, and its conserved cytoplasmic domain interacts with the cytoskeleton through actin-binding proteins, leading to strengthened cell-cell adhesion (49) . These strong E-cadherin-mediated cell-cell adhesions are thought to be critical for epithelial barrier function, and signals that are transmitted through the adherens junctions also regulate tight junction function (17, 18, 20, 49) . In support of this notion, inhibition of the cadherin-dependent adherens junctions by ectopic expression of an E-cadherin dominant negative mutant retards the assembly of tight junctions and disrupts epithelial barrier function (1, 13, 32, 50) . Furthermore, adherens junctions are shown to be more vulnerable than tight junctions in some clinical conditions (15, 21) and are of significance in the pathogenesis of epithelial barrier failure (49) .
The natural polyamines (putrescine, spermidine, and spermine) are ubiquitous polycationic molecules found in all eukaryotic cells and play distinct regulatory roles in intestinal epithelial cells (IECs) (7, 16, 46, 54) . Polyamines regulate expression of various genes involved in epithelial cell division (28, 38, 52, 55) , repair (41, 51) , and apoptosis (27, 57, 59) , whereas polyamine deficiency inhibits mucosal growth and delays healing after injury. We (19, 20) recently demonstrated that polyamines also modulate intercellular junction levels and that decreasing cellular polyamines by inhibiting ornithine decarboxylase (ODC; a key enzyme of polyamine biosynthesis) with ␣-difluoromethylornithine (DFMO) results in a reduction in levels of adherens junction proteins such as E-cadherin, ␤-cate-nin, and ␣-catenin. To define the mechanism underlying polyamines in adherens junction expression, our studies have further shown that polyamines stabilize E-cadherin mRNA and protein at least partially by altering Ca 2ϩ signaling (19, 43) . However, the role and mechanism of polyamines in the regulation of E-cadherin gene transcription remain elusive.
E-cadherin transcription is tightly controlled through the proximal region of the E-cadherin promoter that contains several cis-elements, including a CAAT-box, GC-rich region, and a 12-bp palindromic element named the E-Pal box (5, 12, 23, 30) . The transcription factor AP-2 has been shown to stimulate E-cadherin transcription through its direct interaction with the GC-rich region (23) , whereas the retinoblastoma protein (Rb) and the proto-oncogene product c-Myc specifically activate the E-cadherin promoter by acting as coactivators of AP-2 (4). The zinc-finger protein WT1 also interacts with the GC-rich region of the E-cadherin promoter and induces E-cadherin transcription (24) . Another candidate transcription factor interacting with the E-cadherin promoter is the hepatocyte nuclear factor-3, which synergizes with AML-1 and p300 to stimulate E-cadherin transcription (30) . In this study, we set out to study whether polyamines induce E-cadherin transcription through c-Myc. The data presented indicate that decreasing cellular polyamines represses E-cadherin transcription, which is prevented by ectopic c-Myc overexpression. Induction in E-cadherin transcription by c-Myc is mediated through the E-Pal box that is located at the proximal region of the E-cadherin promoter, thus providing new insight into the mechanism underlying polyamines in the regulation of Ecadherin transcription.
MATERIALS AND METHODS
Chemicals and supplies. Disposable culture ware was purchased from Corning Glass Works (Corning, NY). Tissue culture media and dialyzed FBS were obtained from Invitrogen (Carlsbad, CA), and biochemicals were obtained from Sigma (St. Louis, MO). The monoclonal antibodies against E-cadherin and ␤-catenin were purchased from Transduction Laboratories (Lexington, KY); the anti-ODC antibody (0 -1136) and the secondary antibody, anti-mouse IgG conjugated to horseradish peroxidase (A-8924), were purchased from Sigma. The antibody against c-Myc was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and DFMO was obtained from Genzyme (Cambridge, MA).
14 C-labeled mannitol and 3 H-labeled inulin were purchased from Amersham Pharmacia Biotech (Piscataway, NJ), and the 12-mm Transwell filters (0.4-m pore size, clear polyester) were obtained from Costar (Cambridge, MA).
Recombinant viral construction and reporter plasmids. Adenoviral vectors were constructed using the Adeno-X expression system (Clontech) according to the protocol provided by the manufacturer. Briefly, the full-length cDNA of human c-Myc was cloned into the pShuttle by digesting BamHI/HindIII and ligating the resultant fragments into the XbaI site of the pShuttle vector. pAdeno-c-Myc(AdMyc) was constructed by digesting pShuttle construct with PI-SceI/I-CeuI and ligating the resultant fragment into the PI-SceI/I-CeuI sites of the pAdeno-X adenoviral vector. Recombinant adenoviral plasmids were packaged into infectious adenoviral particles by transfecting human embryonic kidney (HEK)-293 cells using Lipofectamine Plus reagent (GIBCO Bethesda Research Laboratory, Gaithersburg, MD). The adenoviral particles were propagated in HEK-293 cells and purified with cesium chloride ultracentrifugation. Titers of the adenoviral stock were determined by standard plaque assay. Recombinant adenoviruses were screened for the expression of the introduced gene by Western blot analysis using anti-c-Myc antibody. pAdeno-X, which was the recombinant replication-incompetent adenovirus carrying no c-Myc cDNA insert (Adnull), was grown and purified as described above and served as a control adenovirus. IEC-6 cells were infected with AdMyc or Adnull, and expression of c-Myc was assayed at 24 or 48 h after the infection.
The full-length E-cadherin promoter was cloned from human genomic DNA, and the construct of full-length E-cadherin promoter luciferase (Luc) reporter, F-Luc (ϳ270-bp regulatory region upstream of the E-cadherin gene fused to the Luc reporter gene) was generated as described previously (28) . The 5Ј-deletion E-cadherin promoter constructs, including 70-Luc and 60-Luc, and the E-Pal, CAAT, GC1, and GC2 point mutants of the E-cadherin promoter were generated using the QuikChange site-directed mutagenesis kit and performed according to the manufacturer's instructions (Stratagene, La Jolla, CA). Mutations of various binding sites within the E-cadherin promoter were verified by DNA sequencing. Transient transfection was performed using the Lipofectamine kit as recommended by the manufacturer (Invitrogen). Cells were collected 48 h after the transfection, and luciferase assay was performed using the Bright-Glo luciferase assay system as recommended by the manufacturer (Promega, Madison, WI). The activity from individual transfection was normalized by the ␤-galactosidase activity from cotransfected pRSV ␤-galactosidase plasmid. The experiments were done in triplicate and are reported as the means of relative light unit normalized to ␤-galactosidase.
Cell culture. The IEC-6 cell line was purchased from the American Type Culture Collection at passage 13. The cell line was derived from normal rat intestine and was developed and characterized by Quaroni et al. (40) . IEC-6 cells originated from intestinal crypt cells as judged by morphological and immunologic criteria. They are nontumorigenic and retain undifferentiated characteristics of intestinal crypt cells. Stock cells were maintained in T-150 flasks in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% heat-inactivated FBS, 10 g/ml insulin, and 50 g/ml gentamicin. Flasks were incubated at 37°C in a humidified atmosphere of 90% air-10% CO 2, and passages 15-20 were used in experiments. IEC-6 cells at passages 15-20 exhibit a stable phenotype (9, 42) .
RNA interference. The small interfering RNA (siRNA) specifically targeting the coding region of E-cadherin mRNA (siE-cad) was purchased from Sequitur (Natick, MA). Scrambled control siRNA (C-siRNA), which had no sequence homology to any known genes, was used as the control. The siE-cad and C-siRNA were transfected into cells as described previously (41, 42) . Briefly, for each 60-mm cell culture dish, 15 l of the 20 M stock siE-cad or C-siRNA were mixed with 300 l of Opti-MEM medium (Invitrogen). This mixture was gently added to a solution containing 10 l of Lipofectamine 2000 in 300 l of Opti-MEM medium. The solution was incubated for 20 min at room temperature and gently overlaid onto the monolayer of cells in 3 ml of medium, and cells were harvested for various assays after 48-h incubation.
Real-time quantitative PCR analysis. Total RNA was isolated using the RNeasy mini kit (Qiagen, Valencia, CA). Equal amounts of total RNA (2 g) were transcribed to synthesize single-stranded cDNA with an RT-PCR kit (Invitrogen). Real-time quantitative PCR (Q-PCR) was performed using Applied Biosystems Instruments (Foster City, CA) specific primers, probes, and software as described in our previous publications (56, 58) . The levels of E-cadherin mRNA were quantified by Q-PCR analysis and normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels.
Western blot analysis. Cell samples, placed in SDS sample buffer (250 mM Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, and 5% mercaptoethanol), were sonicated and then centrifuged (10,000 g) at 4°C for 15 min. The supernatant from cell samples was boiled for 5 min and then subjected to electrophoresis on 7.5% acrylamide gels. After the transfer of protein onto nitrocellulose filters, the filters were incubated for 1 h in 5% nonfat dry milk in 1ϫ phosphate-buffered saline-Tween 20 [PBS-T: 15 mM NaH2PO4, 80 mM Na2HPO4, 1.5 M NaCl, pH 7.5, and 0.5% (vol/vol) Tween 20] . Immunologic evaluation was then performed for 1 h in 1% BSA/PBS-T buffer containing 1 g/ml of the specific antibody against c-Myc or E-cadherin proteins. The filters were subsequently washed with 1ϫ PBS-T and incubated for 1 h with the second antibody conjugated to peroxidase by protein cross linking with 0.2% glutaraldehyde. After extensive washing with 1ϫ PBS-T, the immunocomplexes on the filters were developed using the enhanced chemiluminescence method according to the manufacturer's instructions (Amersham Pharmacia Biotech, Arlington Heights, IL).
Chromatin immunoprecipitation. IEC-6 cells were infected with the AdMyc or Adnull for 48 h and then fixed with 1% formaldehyde to cross link chromatin. Chromatin immunoprecipitation (ChIP) analysis was performed using the Active Motif ChIP-IT kit (Carlsbad, CA), following the manufacturer's recommendations with minor modification, as described previously (10, 55) . Briefly, cells were suspended in lysis buffer and gently dounced on ice with 10 strokes to aid in nuclei release. After centrifugation, the nuclear pellet was suspended in digestion buffer and the chromatin was sheared with Enzymatic Shearing Cocktail. The sheared DNA samples were centrifuged, and the supernatants were collected and precleared with protein G beads. The precleared DNA samples were then incubated with the anti-c-Myc or control IgG antibodies overnight with constant rotation. The immunocomplexes were captured by addition of protein G beads, and the immunoprecipitated DNA was collected from the beads using ChIP elution buffer. DNA-protein cross links were reversed and deproteinized, and DNA was recovered and amplified by PCR. Primers to amplify the proximal region of the E-cadherin promoter containing an E-Pal box were 5Ј-TGCCACCAACTACA-GACAGG-3Ј and 5Ј-GGGCAGGAGTCTAGCAGAAG-3Ј. Primers to amplify the proximal region of the GAPDH promoter (a negative control) were 5Ј-TACTAGCGGTTTTACGGGCG-3Ј and 5Ј-TCGA-ACAGGAGGAGCAGAGAGCGA-3Ј. The DNA isolated through IgG ChIP was used as a negative control. The input DNA, obtained from chromatin that was processed (cross linked and reversed) similarly to the samples, served as a positive control for PCR effectiveness.
Paracellular tracer flux assay. Flux assays were performed on the 12-mm Transwell as described in our previous publications (19, 20) . Briefly, cells were grown in control cultures or cultures containing 5 mM DFMO or DFMO plus 5 M spermidine for 4 days, trypsinized and plated at confluent density of 4 ϫ 10 4 cells/cm 2 on the insert, and maintained at same culture conditions for additional 48 h to establish tight monolayers. Two different membrane-impermeable molecules, [ 14 C]mannitol (mol wt 184) and [ 3 H]inulin (mol wt 5,200), served as paracellular tracers in this experiment. At the beginning of the flux assay, both sides of the bathing wells of Transwell filters were replaced with fresh medium containing either 5 mM unlabeled mannitol or inulin. Each of the tracers was added to a final concentration of 3.6 nM to the apical bathing wells that contained 0.5 ml of medium. The basal bathing well had no added tracers and contained 1.5 ml of the same flux assay medium as in the apical compartment. All flux assays were performed at 37°C, and the basal medium was collected 2 h after addition of Statistics. All data are means Ϯ SE from three to six samples. Immunoblotting results were repeated three times. The significance of the difference between means was determined using analysis of variance (ANOVA). The level of significance was determined using Duncan's multiple-range test (22) or two-way ANOVA.
RESULTS

Decreased levels of endogenous c-Myc are associated with repression of E-cadherin transcription following polyamine depletion.
Our previous study showed that polyamines stabilize E-cadherin protein by increasing Ca 2ϩ influx through control of Kv channel activity and membrane potential (20, 43) . The focus of the current study was to further determine whether polyamines are implicated in the regulation of E-cadherin gene transcription via c-Myc. Exposure of IEC-6 cells to 5 mM DFMO for 6 days completely inhibited ODC enzyme activity and almost totally depleted cellular polyamines. Levels of putrescine and spermidine were undetectable on day 6 after treatment with DFMO, and spermine had decreased by ϳ60% as reported in our previous publications (19, 28) . Consistent with our previous findings (29, 38) , polyamine depletion by DFMO also significantly decreased the steady-state levels of c-Myc protein, which was completely prevented by exogenous spermidine (5 M) given together with DFMO (Fig. 1A) . Putrescine (10 M) had an effect equal to that of spermidine on levels of c-Myc protein when it was added to cultures that contained DFMO (data not shown).
Decreased levels of endogenous c-Myc in the polyaminedeficient cells were associated with a significant inhibition of g) equally, and subjected to electrophoresis on a 10% acrylamide gel. Levels of c-Myc protein were identified with a specific antibody that recognizes c-Myc. After the membrane was stripped, it was reprobed with actin that served as an internal control for equal loading. B: E-cadherin promoter activity in cells described in A. Cells were grown in medium containing either DFMO alone or DFMO ϩ SPD for 4 days and were then transfected using the E-cadherin promoter luciferase reporter construct. After incubation for 48 h in the same culture conditions, transfected cells were harvested and assayed for luciferase activity. Data were normalized according to ␤-galactosidase activity from cotransfected plasmid pRSV ␤-galactosidase. Values are means Ϯ SE of data from 3 separate experiments. *P Ͻ 0.05 compared with controls and cells exposed to DFMO ϩ SPD. C: levels of E-cadherin mRNA in cells described in A. Total cellular RNA was isolated, and levels of E-cadherin mRNA were measured using E-cadherin transcription as demonstrated by decreases in Ecadherin promoter activity (Fig. 1B) and E-cadherin mRNA (Fig. 1C) . Levels of E-cadherin promoter activity and Ecadherin mRNA were decreased by ϳ60% in cells exposed to DFMO for 6 days, which were associated with a significant decrease in the level of E-cadherin protein (Fig. 1D) . Expression of E-cadherin protein was inhibited by ϳ80% in DFMOtreated cells. Furthermore, this repressed E-cadherin expression following decreased c-Myc in polyamine-deficient cells was accompanied by dysfunction of the intestinal epithelial barrier as indicated by an increase in paracellular permeability as described in our previous publications (20) . In the presence of DFMO, exogenous spermidine not only prevented the reduction in c-Myc but also returned E-cadherin expression to near normal level. These results suggest that repression of E-cadherin transcription following polyamine depletion results from an inhibition of c-Myc.
c-Myc ectopic expression stimulates E-cadherin transcription. To further define the role of polyamine-modulated c-Myc in the regulation of E-cadherin transcription in IECs, we examined the effect of overexpression of the c-myc gene on E-cadherin expression in the presence or absence of cellular polyamines. The adenoviral vector containing the corresponding human c-Myc cDNA under the control of the pCMV promoter was constructed as described in our previous publication (28) . Adenoviral vectors used in this study have been shown to infect intestinal epithelial cells with near 100% efficiency (28, 29) . In fact, Ͼ95% of IEC-6 cells were positive when they were infected for 24 h with the adenoviral vector encoding green fluorescent protein (data not shown). As noted in Fig. 2A , the c-Myc protein was expressed in amounts increasing with the viral load and reached ϳ15-and 25-fold higher than control levels when adenovirus at a concentration of 10 or 50 plaque-forming units (pfu)/cell was used. An adenovirus that lacked exogenous c-Myc cDNA (Adnull) was used as negative control in this experiment and did not induce c-Myc levels when it was infected at equal concentration.
Transient infection with the AdMyc dose-dependently increased E-cadherin promoter activity in normal IEC-6 cells (Fig. 2B) . The levels of E-cadherin promoter activity in cells infected with the AdMyc were increased by ϳ2-fold at a dose of 10 pfu/cell and by ϳ2.5-fold at doses of 50 pfu/cells compared with cells infected with the Adnull in the same concentrations. On the other hand, it is interesting and important that forced expression of c-Myc by infection with the AdMyc had similar stimulatory effect on E-cadherin transcription in polyamine-deficient cells. The level of c-Myc protein was increased by more than 12-fold when polyamine-deficient cells were infected with the AdMyc (10 pfu/cell) relative to DFMO-treated cells infected with Adnull at the same concentration (Fig. 2C) . Consistently, induced c-Myc significantly prevented the decrease in levels of E-cadherin transcription (Fig. 2D ) and its protein in polyamine-deficient cells. The level of E-cadherin protein in DFMO-treated cells infected with the AdMyc was increased by ϳ60% relative to DFMO-treated cells infected with Adnull. These results indicate that induced c-Myc increases E-cadherin regardless of the presence or absence of cellular polyamines, suggesting that polyamines regulate E-cadherin transcription through a c-Myc-mediated mechanism in normal IECs.
c-Myc regulates E-cadherin transcription through the E-Pal box.
To define the mechanism by which c-Myc stimulates E-cadherin transcription, we cloned the E-cadherin promoter fragment from human genomic DNA, which contained the E-Pal box, CAAT box, and GC1 and GC2 region as illustrated in Fig. 3A . To map the c-Myc-responsive region of the Ecadherin promoter, we prepared different reporter constructs containing deletions in the E-cadherin promoter. As shown in Fig. 3B , the elements that contained a 270-bp region of the E-cadherin promoter were required for basal and regulatory E-cadherin expression in IEC-6 cells, because the 5Ј-deletions of the E-cadherin promoter gradually decreased to basal levels of reporter gene activity. The results presented in Fig. 3C further show that ectopic expression of the c-myc stimulated E-cadherin promoter activity and that this induction was mediated through an E-Pal box within its promoter region. The E-cadherin promoter activity increased significantly after cMyc overexpression when cells were transfected with the F-Luc construct that contains the E-Pal box. However, this induction in E-cadherin promoter activity by c-Myc completely disappeared when cells were transfected with either the 74-Luc or 60-Luc (both promoter fragments containing no E-Pal-box). To further determine the exact function of this E-Pal box within the E-cadherin promoter region, we generated different E-Pal, CAAT, GC1, and GC2 point mutants of the E-cadherin promoter, as indicated in Fig. 3D . Consistent with observations from deletion study, the point mutation of the E-Pal box within the E-cadherin promoter region completely prevented induction in the E-cadherin promoter by c-Myc (Fig. 3E, top center) . When cells were transfected with the EpalMut-Luc, there were no significant differences in levels of E-cadherin promoter activity between controls (Adnull) and cells overexpressing c-Myc. In addition, the CAAT point mutation of the E-cadherin promoter also marginally but significantly reduced the stimulation of the E-cadherin promoter by c-Myc (Fig. 3E, top  right) . On the other hand, GC1 or GC2 point mutation of the E-cadherin promoter failed to alter c-Myc-induced stimulation of E-cadherin promoter (Fig. 3E, bottom) .
ChIP analysis also was used to examine the in vivo association of c-Myc with the E-cadherin promoter region. Nuclear fractions were immunoprecipitated using a specific anti-c-Myc antibody in cells infected with the c-Myc overexpression or control vectors, and the associated DNA was purified. Using specific PCR primers, we obtained a 205-bp PCR product that matched the sequence of a proximal region of E-cadherin promoter from Ϫ144 to 61 (containing the E-Pal box) relative to the transcriptional start site. c-Myc was bound to the Ecadherin promoter in vivo, as shown using an anti-c-Myc antibody in cells overexpressing c-Myc (Fig. 4, top) . This association was specific for c-Myc, since no PCR product was detectable in AdMyc-infected cells when a nonspecific antibody (IgG) or primers to an unrelated promoter such as the GAPDH promoter were used (Fig. 4, bottom) . These results indicate that c-Myc stimulates E-cadherin transcription by interacting with the E-Pal box within the proximal region of the E-cadherin promoter.
Decreased E-cadherin in polyamine-deficient cells is accompanied by dysfunction of the epithelial barrier. To determine the involvement of polyamine-modulated E-cadherin in maintaining the intestinal barrier integrity, we examined epithelial paracellular permeability by measuring the paracellular flux of membrane-impermeable tracer across the confluent monolayer in controls and polyamine-deficient cells with or without the challenge by H 2 O 2 . Cells were grown in control cultures or in cultures containing DFMO or DFMO plus putrescine for 4 days, plated at confluent density on the insert, and maintained for an additional 48 h to establish a tight monolayer in the same culture conditions. A widely accepted hydrophilic paracellular tracer molecule, [ 14 C]mannitol, was used in this study. To verify the system used for paracellular permeability assays, we tested the effect of removal of extracellular Ca 2ϩ on the paracellular flux of [ 14 C]mannitol, which served as a positive control. As expected, exposure to the Ca 2ϩ -free medium for 2 h remarkably increased paracellular permeability (data not shown). As shown in Fig. 5A , decreased levels of E-cadherin expression following reduction of c-Myc in polyamine-deficient cells were associated with an increase in basal level of paracellular permeability, which was completely prevented by exogenous spermidine given together with DFMO. Results presented in Fig. 5B further show that the epithelial barrier in polyamine-deficient cells that exhibited decreased levels of E-cadherin was more vulnerable than that observed in control cells after challenge by H 2 O 2 . When H 2 O 2 at different concentrations was added to the medium, levels of paracellular flux of [ 14 C]mannitol in controls were increased by ϳ25% at 3 mM and by ϳ36% at 10 mM, whereas levels of the paracellular flux in polyamine-deficient cells were increased by ϳ40% at 3 mM and by ϳ61% at 10 mM, respectively. In addition, H 2 O 2 did not affect cell viability as measured by Trypan blue staining (data not shown).
E-cadherin silencing disrupts function of the epithelial barrier. This study examined whether specific inhibition of Ecadherin expression by transfection with its specific siRNA (siE-cad) impairs function of the epithelial barrier with or without H 2 O 2 challenge. These specific siE-cad nucleotides were designed to cleave rat E-cadherin mRNA by activating endogenous RNase H and to have a unique combination of specificity, efficiency, and reduced toxicity. Initially, we determined the transfection efficiency of the siRNA nucleotides in IEC-6 cells and demonstrated that Ͼ95% of cells were positive when they were transfected with a fluorescent FITCconjugated siRNA for 24 h (data not shown). As shown in Fig. 6A , transfection with the siE-cad specifically decreased E-cadherin protein but had no effect on ␤-catenin and zonula occludens-1 (ZO-1) proteins. Level of E-cadherin protein was decreased by ϳ80% when cells were exposed to siE-cad for 48 h. As expected, E-cadherin silencing also disrupted function of the epithelial barrier as indicated by an increase in levels of Fig. 4 . Activity of c-Myc binding to E-cadherin promoter as measured by chromatin immunoprecipitation (ChIP) analysis. The association of c-Myc with the E-cadherin promoter (between Ϫ144 and 61) was determined using an anti-c-Myc antibody (Ab); IgG was used as a negative control. Cross-linked chromatin isolated from cells infected with either the AdMyc or Adnull was immunoprecipitated using an anti-c-Myc Ab, and the associated chromosomal DNA fragments were amplified by PCR using E-cadherin promoter-specific primers and GAPDH promoter-specific primers as described in MATERIALS AND METHODS. The expected size of the PCR product was ϳ205 bp. Chromosomal DNA input was subject to the same procedures and served as a positive control. Three experiments were performed that showed similar results. 14 C]mannitol were increased from 14.4 Ϯ 0.25% (n ϭ 6) in cells transfected with C-siRNA to 18.8 Ϯ 0.3% (n ϭ 6) in E-cadherin-silenced cells, whereas levels of the paracellular flux of [ 3 H]inulin were increased from 4.8 Ϯ 0.2% (n ϭ 6) in control populations to 7.9 Ϯ 0.3% (n ϭ 6) in E-cadherin-silenced populations. In addition, neither siE-cad nor C-siRNA affected cell viability in the presence or absence of H 2 O 2 challenge as measured by Trypan blue staining (data not shown). These findings strongly suggest that E-cadherin plays a critical role in maintenance of intestinal barrier integrity.
DISCUSSION
Polyamines play a critical role in the maintenance of intestinal epithelial integrity (46, 54) , but the exact mechanisms underlying polyamines at cellular and molecular levels remain unclear. We (10, 19, 20) recently demonstrated that polyamines regulate the intestinal epithelial barrier function and that polyamine depletion increases epithelial paracellular permeability at least partially by repressing expression of ZO-1 and E-cadherin. Our studies have further shown that polyamines modulate expression of various intercellular junction proteins through distinct cellular signaling pathways. In this regard, polyamines promote occludin mRNA translation and increase its protein stability (19) , whereas polyamines modulate ZO-1 transcription by altering the interaction of the ZO-1 gene promoter with the transcription factor JunD (10) . In this report, we provide new evidence showing that polyamines are necessary for E-cadherin transcription through its gene promoter, thus advancing our understanding of the functions of cellular polyamines in IECs. The most significant of new finding reported in this study is that polyamines promote E-cadherin transcription by activating c-Myc that interacts the E-Pal box in the proximal region of the E-cadherin promoter.
Results reported in the present study clearly show that decreasing cellular polyamine levels by inhibiting ODC with DFMO decreased levels of c-Myc protein, which was associated with an inhibition of E-cadherin transcription (Fig. 1) . Because both decreased c-Myc and inactivation of E-cadherin transcription in DFMO-treated cells were completely prevented by the addition of exogenous spermidine, these observed changes in levels of c-Myc protein and E-cadherin transcription are more likely related to polyamine depletion rather than to the nonspecific effect of DFMO. Our previous studies (28, 29, 38, 53) and others (7, 8, 16) have show that polyamines are absolutely required for c-Myc expression and that polyamine depletion represses c-Myc by inhibiting its gene transcription and mRNA translation. Since the E-cadherin is a potential target of c-Myc (4), it is likely that decreased levels of E-cadherin transcription following polyamine depletion result from a reduction in c-Myc transcriptional activity. This possibility is strongly supported by results presented in Fig. 2 indicating that forced c-Myc expression in polyamine-deficient cells not only prevented the inhibition of E-cadherin transcription but also restored its protein levels to near normal.
The results reported presently also indicate that there is a functional E-Pal box in the E-cadherin-promoter and that Fig. 6 . Effect of E-cadherin silencing on basal levels of paracellular permeability. A: representative immunoblots for E-cadherin, ␤-catenin, and zonula occludens-1 (ZO-1) proteins. Cells were transfected with specific small interfering RNA (siRNA) targeting the coding region of E-cadherin mRNA (siE-cad) or control siRNA (C-siRNA) for 48 h, and levels of E-cadherin, ␤-catenin, and ZO-1 proteins were measured by Western blot analysis. B: paracellular permeability in cells described in A. After cells were transfected with siE-cad or C-siRNA, they were plated at confluent density on the insert and maintained for an additional 48 h. Levels of paracellular permeability were measured 2 h after addition of [ increased c-Myc activates E-cadherin transcription through direct interaction with the E-Pal box. It has been recognized for many years that levels of the E-cadherin in various tissues are highly regulated and its expression is cell type dependent in manner (11, 12, 30, 31, 39) . As shown in Fig. 3 , the upstream fragment (positions Ϫ178 to ϩ92) of the E-cadherin gene mediates strong expression of a luciferase reporter in IECs, although in some nonepithelial cells this promoter is either inactive or less active (23) . There are several cis-acting elements in this fragment that have been identified to contribute to tissue-specific activity of the E-cadherin promoter (5, 49) . These regulatory elements include the CAAT box, two AP-2 binding sites in a GC-rich region, and the E-Pal box, as shown in Fig. 3A . Although the GC-rich region and CAAT box always exhibit positive regulatory activity in most cells, the E-Pal box displays distinct regulatory effects, depending on the nature of stress, cell type, and other factors (49) . For example, the activation of E-Pal box suppresses E-cadherin promoter activity in mesenchymal cells, but it mediates the activation of E-cadherin promoter in epithelial cells (23) .
Several pieces of evidence from the current studies demonstrate that the E-Pal box is crucial for E-cadherin induction by c-Myc. First, 5Ј-deletion of this proximal E-Pal box from the E-cadherin promoter (74-Luc and 60-Luc) almost completely prevented c-Myc-induced activation of the E-cadherin promoter, although this remaining fragment still contains a CAAT box and GC1 and GC2 regions (Fig. 3C) . Second, the stimulation of E-cadherin-promoter by c-Myc overexpression was also totally abolished when this E-Pal box was eliminated by point mutation (Fig. 3, D and E) . Our results also show that point mutation of the CAAT box in the E-cadherin promoter partially blocked the induction in E-cadherin promoter by c-Myc (Fig. 3E, right) , suggesting that the CAAT plays a marginal role in mediating c-Myc-induced activation of the E-cadherin transcription. Third, ChIP assay revealed that cMyc bound to the proximal region of the E-cadherin promoter in vivo (Fig. 4) . Together, these experiments establish that the sequence (CACCTGCAGGTGCACCTTTAGGTG) located at Ϫ94/Ϫ78 within the E-cadherin promoter is a functional E-Pal element in normal IECs and that induced c-Myc activates E-cadherin through this E-Pal box. These findings are consistent with results from others (4) who have demonstrated that c-Myc specifically activates transcription of the E-cadherin promoter in Madin Darby canine kidney (MDCK) epithelial cells but not in NIH-3T3 mesenchymal cells and that mutation of the E-Pal box prevents E-cadherin activation by c-Myc. In MDCK cells, c-Myc also functions as a coactivator of AP-2 to regulate E-cadherin transcription.
The data from the present study further show that polyamine-modulated E-cadherin expression plays an important role in the maintenance of normal function of the epithelial barrier. Results reported in Figs. 5 and 6 not only confirm our previous observations (20) showing that decreased levels of E-cadherin were associated with an increase in basal levels of epithelial paracellular permeability but also provide new evidence indicating that reduction in E-cadherin levels by polyamine depletion or E-cadherin silencing remarkably potentiated H 2 O 2 -induced epithelial barrier dysfunction. This finding is of physiological significance, because normal IECs contain high levels of polyamines and their cellular levels are changed rapidly in response to various physiological and pathological stimuli (16, 46, 54) . On the other hand, E-cadherin mediates strong cell-cell adhesion and has functional role in forming and regulating the epithelial barrier. Disruption of the epithelial barrier function occurs commonly in various pathological conditions such as inflammatory bowel disease, intestinal infections, cancers, and critical surgical stresses (3, 15, 25) . To date, many signaling pathways, including tyrosine kinases, Ca 2ϩ , protein kinase C, and phospholipase C-␥, have been implicated in the regulation of paracellular permeability in epithelial cells (26, 33, 37, 44) . The current studies provide strong evidence for a role of polyamine-induced c-Myc in the control of E-cadherin transcription and are thus involved in the regulation of the intestinal epithelial barrier.
In summary, these results indicate that polyamines regulate E-cadherin transcription through c-Myc and are implicated in the control of intestinal epithelial barrier function. Our previous studies (28, 38, 53) have shown that increased polyamines stimulate c-Myc expression, leading to an increase in nuclear c-Myc in IECs. Results obtained in the present study further show that polyamine-induced c-Myc activates E-cadherin transcription, probably through its interaction with the E-Pal box within the proximal region of E-cadherin promoter, thus increasing levels of E-cadherin protein and enhancing the epithelial barrier function. In contrast, reduction in c-Myc following polyamine depletion inhibits E-cadherin transcription, resulting in the barrier dysfunction. These findings suggest that c-Myc is a biological regulator for adherens junction expression and that c-Myc-mediated E-cadherin transcription plays a critical role in the maintenance of intestinal epithelial barrier integrity under physiological conditions. 
